Differentiation between Mycobacterium tuberculosis and M. avium is helpful for the treatment of disseminated mycobacterial infection in AIDS patients. This can traditionally be done by time-consuming biochemical tests or with Accuprobe. Previously, PCR restriction enzyme analysis (PCR-REA) of the 16S-23S rRNA gene spacer was shown to be able to identify a limited number of strains of Mycobacterium. In this study the method was improved by using more specific primers and was tested with 50 clinical isolates of M. tuberculosis and 65 clinical isolates of M. avium complex. Probes specific to the spacers of M. tuberculosis and M. avium were also tested. Both M. tuberculosis and M. avium could be reliably identified either by PCR-REA or by PCR-hybridization, with the results completely agreeing with those obtained by biochemical tests and with the Accuprobe, respectively. The method may therefore be useful as an alternative in-house method for identification of the bacteria.
AIDS is a major cause of morbidity and mortality in both developed and developing countries. In general, Mycobacterium tuberculosis is a major mycobacterial infection among AIDS patients in developing countries, while M. avium is more commonly found in developed countries (7) . Both mycobacterial species can cause disseminated disease in AIDS patients. Although disseminated M. avium infection is uncommon among AIDS patients in Africa (11) , a recent study in Thailand revealed that both disseminated M. avium and M. tuberculosis infections were common (20) . It is therefore helpful if clinical laboratories can rapidly differentiate between these two species once a mycobacterium is isolated from the blood.
Identification of mycobacterial species is usually done by time-consuming biochemical tests or with Accuprobe, which is rather expensive. Several other molecular genetic methods have also been reported. These include amplification of species-specific sequences (2, 5, 18, 27, 31) , PCR amplification and restriction enzyme analysis (PCR-REA) (1, 17, 19, (24) (25) (26) 28) , hybridization with species-specific oligonucleotide probes with or without prior DNA amplification (3, 6, 13) , and nucleic acid sequence determination (15, 16, 23) .
Recently, we reported a method for differentiating mycobacterial species by PCR-REA of 16S-23S rRNA gene spacer sequences (17) . However, the primers used in that study were not specific to mycobacteria and the number of M. avium isolates was small. We therefore further improved the method by using more specific primers and tested it for its ability to differentiate between M. tuberculosis and M. avium. DNA oligonucleotide probes specific to M. tuberculosis and M. avium at the 16S-23S rRNA gene spacer were also developed and tested. (17) .
MATERIALS AND METHODS

Bacteria
M. tuberculosis was identified by colonial morphology and biochemical tests. All isolates of M. tuberculosis also contained the insertion sequence IS6110, which is found almost exclusively in the members of the M. tuberculosis complex, as determined by Southern hybridization (29) . All 65 isolates belonging to MAC were identified with the MAC-specific Accuprobe (GenProbe Inc., San Diego, Calif.). The MAC isolates were further identified with the M. avium-and M. intracellulare-specific Accuprobe. Forty-four isolates were hybridized by the M. avium-specific probe. Ten isolates were hybridized by the M. intracellularespecific probe, while the other 11 isolates were not hybridized by either probe and were referred to as unclassified MAC.
Twenty-six isolates of other bacteria were also studied. DNA primers and probes. PCR was done with a single pair of primers, primers 16SC and 23SG, whose sequences were selected from the sequences that are shared by most mycobacteria but that are different from those of most other bacteria in the 3Ј end of the 16S rRNA gene and the 5Ј end of the 23S rRNA gene, respectively. The sequence of the 17-mer 16SC (5Ј-TCGAAGGTGGGA TCGGC-3Ј) is identical to a sequence in the 16S rRNA gene 63 bp upstream of the spacers of most mycobacteria except M. asiaticum. M. asiaticum has the base A instead of C at the 14th position of the primer. The sequence is, however, shared by Nocardia asteroides. The sequence of the 18-mer, 23SG (5Ј-GCGCC CTTAGACACTTAC-3Ј), is completely complementary to a sequence in the 23S rRNA gene 2 bp downstream from the spacers of M. tuberculosis complex, M. kansasii, and M. gastri. It has a single-base mismatch (G instead of T) with the corresponding sequences of M. avium, M. paratuberculosis, and M. phlei at the 10th base of the primer.
Two probes, probes MT232 and MV222, were tested in this study. MT232
(5Ј-CGGTGGCGTGTTCTTTGTGCAATA) is a 24-mer oligonucleotide whose sequence is identical to that of the 16S-23S rRNA gene spacer of M. tuberculosis at positions 232 to 255 from the 5Ј end of the spacer. MV222 (5Ј-GGTCTTCG TGGCCGGCGTTCA-3Ј) is a 21-mer oligonucleotide whose sequence is identical to that of the spacer of M. avium at positions 222 to 242 from the 5Ј end of the spacer. The sequence of the probe is identical to those of sequevars Mav-A, Mav-C, and Mav-D of M. avium and has a single base different from Mav-B at the seventh base, which is G instead of C (8, 10) . The sequence of the probe is different from those of all other mycobacteria. Preparation of chromosomal DNA and mycobacterial cell lysate, PCR, and REA. Preparation of chromosomal DNA and mycobacterial cell lysate, PCR amplification, and REA were done as described previously (17) except for the use of 16SC and 23SG as primers and the change of the annealing temperature to 62°C. Amplification of M. tuberculosis and M. avium complex was done with cell lysate as the template, while amplification of the other bacteria was done with purified chromosomal DNA as the template.
DNA probe labeling. MT232 and MV222 probes were labeled with the DIGOligonucleotide 3Ј-End Labeling Kit (Boehringer Mannheim, Mannheim, Germany) as described by the manufacturer. The probes were finally dissolved in 20 l of TE (Tris-EDTA) buffer and were stored at Ϫ20°C until use. Dot blot hybridization. A total of 2 l of the amplified DNA was denatured by adding an equal volume of 3 N NaOH. Two microliters of the mixture was dotted onto a nylon membrane (Sigma Chemical Company, St. Louis, Mo.), and the membrane was incubated at 80°C for 2 h. The membrane was prehybridized with a solution containing 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 2% blocking reagent (Boehringer Mannheim), 0.02% sodium dodecyl sulfate (SDS), and 0.1% N-laurylsarcosine at 42°C for 1 h. The prehybridization solution was then discarded. The hybridization solution, which was of the same composition as the prehybridization solution, together with 100 pmol of a digoxigenin-labeled probe, was added. Hybridization was done for 2 h at 42°C. The membrane was then washed twice for 5 min each time in 2ϫ SSC-0.1% SDS at room temperature and then twice for 15 min each time in 0.1ϫ SSC-0.1% SDS at 42°C. The membrane was detected with anti-digoxigenin-alkaline phosphatase-Fab fragments (Boehringer Mannheim) as described by the manufacturer.
RESULTS
DNA amplification and PCR-REA. Only DNA and cell lysates from Mycobacterium strains could be amplified by the 16SC and 23SG primers, and except for those from three isolates of Nocardia asterioides, none from other bacteria could be amplified. The amplified products of each of the Nocardia isolates contained one amplified fragment with a length of either 430 or 530 bp.
The rapidly growing mycobacteria had one or two amplified fragments, while the slowly growing mycobacteria had only one fragment. The species of the slowly growing mycobacteria could be identified by digesting the amplified products first with HaeIII and then, if necessary, with either MspI or BstXI. The dendrogram showing the results of the PCR-REA is essentially similar to the one reported previously (17) except for the length of the digested fragments, as shown in Fig. 1 . This method could not differentiate between the members of the M. tuberculosis complex.
The amplified products of all 52 isolates of M. tuberculosis had the same length (about 380 bp). The HaeIII-digested amplified products of all of the isolates contained three fragments of 200, 120, and 55 bp. The PCR-REA pattern was shared by all members of the M. tuberculosis complex.
The amplified products of all 44 isolates of M. avium had the same length (about 380 bp). The HaeIII-digested amplified products of all isolates contained four fragments of 155, 115, 65, and 40 bp. The PCR-REA pattern was unique to M. avium.
The amplified products of all 10 isolates of M. intracellulare had the same length (about 380 bp). The HaeIII-digested amplified products of all isolates contained three fragments of 180, 155, and 40 bp, which is similar to the pattern for some isolates of M. scrofulaceum. When digested with MspI, the amplified products of all M. intracellulare isolates contained three fragments of 220, 105, and 50 bp, thus differing from those of M. scrofulaceum.
However, the PCR-REA pattern was not unique to M. intracellulare because three isolates of unclassified MAC isolates also exhibited the same HaeIII and MspI digestion patterns. These three isolates also had the same BstXI digestion patterns as M. intracellulare. The other eight isolates of unclassified MAC isolates all had HaeIII-digested amplified products of 200 and 180 bp but had the same MspI and BstXI digestion patterns as M. intracellulare. The HaeIII-digested products of some of the members of MAC are shown in Fig. 2 .
Hybridization with digoxigenin-labeled MT232 probe. The amplified products of the M. tuberculosis complex isolates as well as a representative isolate of each species of other bacteria were dot blotted onto a nylon filter and were hybridized with the digoxigenin-labeled MT232 oligonucleotide probe. The probe could hybridize only to the amplified products of M. tuberculosis complex isolates, not to those of any other species of bacteria, including all MAC isolates. The dot-blotted PCR products of all 50 clinical M. tuberculosis isolates, as well as the H37Rv and H37Ra strains, could be hybridized by MT232 (data not shown).
Hybridization with digoxigenin-labeled MV222 probe. The amplified products of all M. avium isolates as well as a representative isolate of each species of other bacteria were dot blotted onto a nylon filter and were hybridized with the digoxigenin-labeled MV222 oligonucleotide probe. The MV222 probe could hybridize to the amplified products of the M. avium isolates but not to those of any other species of bacteria including M. intracellulare and unclassified MAC isolates. The dot-blotted PCR products of all 44 clinical M. avium isolates could be hybridized by MV222, as shown in Fig. 3 .
DISCUSSION
Several DNA regions have been used as targets for the identification of Mycobacterium species. These include hsp65 (6, 19, 23, 26) , dnaJ (24), 16S rRNA gene (1, 2, 15, 16, 18, 25, 28) , and the 16S-23S rRNA gene spacer (8-10, 12, 13, 17) . M. malmoense could be identified with a probe specific to the 16S-23S rRNA gene spacer (13) . M. tuberculosis could be identified by PCR with primers specific to the spacer region (12) or sequencing of the amplified spacers (9), while members of MAC could be identified by sequencing of the spacer (8, 10) .
This study revealed that M. tuberculosis complex and M. avium could be readily and reliably differentiated from each other by analysis of the 16S-23S rRNA gene spacer. Differentiation could be achieved either by PCR-REA with the HaeIII enzyme or PCR and hybridization with the MT232 and MV222 probes.
Intraspecies variation of the spacer of M. avium was well documented, with five different sequences being deposited in GenBank (8, 10) . All five sequevars were predicted to have the same HaeIII digestion products as those of all 44 clinical isolates tested in this study. The MV222 probe was originally designed from an area of the spacer shared by most M. avium isolates but not by other mycobacteria, with one sequevar, Mav-B, having a base different from that of the probe. While the test of the probe was ongoing, a new sequevar (Mav-E) of M. avium was described. The sequence of the spacer of the sequevar is two bases different from the sequence of the probe at positions 7 and 8, being TA instead of CG (GenBank accession no. Z46422). Although the sequevar distribution of M. avium in Thailand is unknown, the MV222 probe was able to hybridize to all M. avium isolates in this study.
The results of the identification of M. intracellulare by PCR-REA of the spacer did not completely agree with the Accuprobe results because three isolates of unclassified MAC were identified as M. intracellulare by PCR-REA. Since none of the seven sequevars of unclassified MAC, whose spacer sequences were deposited in GenBank, should have HaeIII digestion pro-ducts identical to those of M. intracellulare, these isolates might belong to a novel sequevar of unclassified MAC. However, it was also possible that these three isolates might be more properly classified as M. intracellulare since the taxonomic status of unclassified MAC is still unclear. Most of the unclassified MAC strains belong to serotypes 22 to 24 and 26 to 28, which are regarded by some as M. intracellulare (14) .
Compared to the biochemical tests, amplification of the 16S-23S rRNA gene spacer is more rapid and less laborious. The major drawback is its inability to differentiate between members of the M. tuberculosis complex, since all members of the M. tuberculosis complex were shown to have identical 16S-23S rRNA gene spacer sequences (9, 12) . This drawback is also shared by PCR-REA of other genes such as the 16S rRNA gene (1, 25, 28) , hsp65 (19, 26) , and dnaJ (24) . Most M. tuberculosis-specific probes including Accuprobe also could not differentiate between members of the M. tuberculosis complex (3, 6) . At present, molecular genetic methods for differentiation of members of the complex rely on the amplification of DNA fragments specific to each species such as mtp40 (4, 30) or studies of single base differences in pncA (pyrazinamidasenicotinamidase) (21) or oxyR (22) genes. Identification of Mycobacterium species by PCR amplification of the 16S-23S rRNA gene spacer can be accomplished within 1 to 2 days. Compared to hybridization with Accuprobe, which can identify the bacterial species within a few hours, the PCR method is slower and slightly more laborious. However, the method is fairly cheap. In Thailand the cost per test by the PCR method is about 40 to 50% of the cost of the Accuprobe. The PCR-REA is advantageous because it can differentiate between M. tuberculosis and M. avium in a single test. PCR and hybridization with the species-specific probes may be useful when several isolates suspected of belonging to the same species are tested simultaneously. At present, the PCR method can reliably amplify 20 pg of mycobacterial DNA, which is equal to the amount of DNA present in about 4,000 or more mycobacterial cells.
For identifying M. tuberculosis and M. avium, the results of both PCR-REA and PCR-hybridization with MT232 and MV222 completely agreed with each other. The results of identification of M. tuberculosis by analysis of the 16S-23S rRNA gene spacer were also in complete agreement with those of the biochemical tests, while the results of identification of M. avium by analysis of the 16S-23S rRNA gene spacer were superimposable on the results of identification with the Accuprobe. PCR amplification of the 16S-23S rRNA gene spacer may therefore be useful as an alternative in-house method for the identification of M. tuberculosis and M. avium.
